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PLC - PEASE MODULATOR ANALYSIS

This tachodcal report is in response to the work deseription
of Task 3910 for the RF Tezt Consols (G.0. 36542), Design paramsters
which enabls linear phase modulation of a locked oscillator by complex
rmoo uignah are established by analynis, The driving signal 1s mud
vith the phase error to deviate the locied oscillator according to tho
basic block diagram of Figure 1.1, thereby producing ¢ PX output at the
carrier frequency.

As demonstrated in tus analysis below, the systes is roasible; pro-
vided that (1) a phase detector having linear sawtooth characteristics
is used, (2) the linearity and time consteni of the deviable osci].lat;wr
are adequate, and (3) a count-down frequency divider is used in the feed-
back channel to compress the wide phase deviation required within the

linesr range of the phase detector. (4) The linearity and frequency
response of all loop components can be fabricated to tha required accurscy.
~The latter requirement will have to be verified experimentally,

W

N -




-
. e 74

G771

. -



%5‘ »

Lo . 3 :
' (o .. kG338
b £ : HNoe. W

ey .

T 'PHASE MODULATOR REQUIREMENTS g

" K. gumary of Specifications (Keference JPL Spec No. GPG~15062-DSii)

&
]

‘The following pertinent spacifications establish
;" ‘thz basic requirements:

1. Transmitter center frequency - 50 mcs manually tunable

Tl -: 500 cps.

2., PN Operational Modes - Simultaneous narrow-band/large
modulation indax plusAwide—band/small modulation index

opzraticn.
3+ leference Frcquency Stability: Short Term: 1 part in

107 per minute.

Long Term: § parts in
107 per 4 hour veriod.
A; Frequency lesponse - larrow Band: + 0.1 db from d-c to
500 ke :
¥ideband: *+ 0.5 db from 500 k; tvo
1.5 ¥
§.° Phase Deviation at 50 mes - Narrow band spectrum: % 3
fadians peak

! Wide band spectrum: + }

radiar peak.
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6. Phase ability -~ 1 degrneiﬁﬁ.s.phase errcr in transmitte;q"éy

¥

B2

reaceiver pair measured in & noise free phase-coherenﬂé
r’ec_‘eiver of 28y, '=3 cps bandwidth, as amended on 5 May 196k..
7. Fidelity - [wo btone tests of transidtier-racziver pair: ... e
Spurious sidebands within the modulation bandwidtﬁ
to b2 40 db below the modulatad carriar; or alteraatively,
50 db pellr unuodulated carrier.
3, Jfocviat;cn Linearity - Consistent with Fidelity requireuant
9. Incidental All - Consistant with idelity requirement

g, Aanalvsis of lequirs.entis

1. Peak sfrzoucncy Doviation: It is found 2hat in order to

comply with the phuasc deviation specified, p ek frequezncy deviations
of 1.5 and 2.0 imcs are riquired for the wideband ard narrcy band

modulations respzctively. Therafore, for th» phase modulator of

Figure 11, the'ViC and its driving amplifier must havs a dynaniic”

rangé of at least * 2.0 mes at th: 50 .ics output frequency.

2. Spectral Weighting of :iooudating Signals : During

simultaneous modilation the amplitud: lavals of the narrow band .and -

r. yidet.and spectrums are weishted so that the deviation due to the
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narrow band signal is 3 radi.ans peak, while the deviation due to j;

the wideband signal is 1 radian peak. Thus, the total couposite

p2ak phase deviation is 4 radians, rFigurele2e The sunwing amplifi -

in the forward circuit, Figure 1.1, nust therefore accept two driving

51 s{ one narrow band - one wideband, with thre: te one amplitude
weizghting of th2 respactive signals. rhis is accoriplished by
adfustment of resistor values in the input and feadback natuworks of
she orerational suuuing amplifizr.

3. ridz2iitz allocations: [he specification is ziven for a

transsceivt sr-raceiver pair, Jor dosiga purposes,the transmittor and
racsivar are “triatad coparately, hiarcs it Lo acsirable to have
saparate objizctives., oJhould tho desigmor have complete Tieedom

in the choice of subsystems, it is considered that slightly greator
difficulty will be encounterad in th- transiitier than in  the
raeceiver. 3ut the ; :ceiver Sygtbd>lg cpecificd in form and t,ckuiqmel

to be a simulation of the DSI¥ a2quipr.ent.  as will be «!lowr

below, the doviation and fidelity objectives roquire allowance for
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il - large intermodulation_component$ &t the output of the modulation- ;7
\détéctor.‘:System performanca need not be necessarily limited
providing the tones of the xodulating signal "~ are carefully
II -¢hoszn to avoid frequency coincidence with intermodulation prodicts.
]l K -With respect to the desigﬁ of the phase nod\nt;tor (transmitter),
l'; tge inte*médulation and in band svurious objecﬁives will ba taken
l' - at -h@ ard --50 @b levals to adﬁit equal degradation in the Ak
A! ‘ modulaﬁor, 3/N summer and Pl receiver. ,
¢ .
:! . G. Summary of Jesign Ubjectives
. 1' Objectives for a PLC phase ncdulator design are tabulated as
| P
follows:

1. Loop characteristics:

Iype I - 6 db per octave slopz of open loop gain over

' the wodulation band. Amplitude Fraquency Lesponse {closed loop)

; x! ) - Flat 001 db tc .G ucs.

Delay vs. Frequency response (closed loop_- - lesas théﬁ 1
- " nanosec to 1.5 mcs (tentative)
dejection at 25 mes - SO db

Spurious and inbsnd intermodulation - 56 db below un-

—. e i) - pry L Mg et PINS Aaaranly
pRYR . R e P o KDl ;%‘h;”;‘w."___'_‘,, A:._.
7 . . N L. \ A B e I I
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! modulated carrier peak phass deviation - 4 radians
: Velocity constant K, = 9.5 x'10
. 2.  VCO:
Peak fraquency deviation + 2 mcs
5
£
:: < I ..> 6.. . 1
: Sensitivity D@L xbcycles per second - volt
: Linearity - 2,7
: Q==12.3
i
4 -
§ Cutput Carrier irequency -~ 50 mcs
]
i 3. rhase Destector
i
3
H
: Lincarized (Sawtooth) Characteristic
§ Thase Jrror Range - + Pi radians
1
Linearity - 55
S2nsitivity - 1 volt per radian error
4o D-C Ampiifier
Gain - 20 db
A Linearity - 0,10

R Voltage Qutput lange - +10v
squivalent Corner Frequency = 1S me ~

i orifc 100 Fv/wk

“‘
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5 Loop rilter F,(s) ?

{Leg) Quadratic

. 6
"lesonant Frequency W = IR x10 rps
Dasping Coefficient, 50 = 0.53

5.‘_ Feedback Frequency Divider Ratio, N = L

T

9

7. GSstimated transport lag_ around ioop -20 x 1077 seconds .

8. ‘iquelization Networks ~ To be specified.
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3 11, LOCF DESIGN CONSIUERATIONS

Iu this section some fundamental relationships and basic concepta

o phase-lock circuits, feadback control gystems, azd low pass filters

r
¥
S
<
R
w
r
<

: are described ia order o esiablish 2 logical desizn procedure and to

K

suppert the mechanization proposed.

£l

A, Cpiimization Critsrig
The standerds by which one measures itnhe meri? of a system must
% be selacted with dus consideraticn.of the cbjectivas of the system

operating in its specific applicatioc. For the PLC - phase modulator
the Jesipgner might consider several optimization criteria. For example,
the designer might strive for minimal (a) modulation error, (b) inter=
modulation, or (c) noise bandwidtih, The designer might also emphasize
(1) optimum transieni response, (2) maximally flat f{requency response

(with large out of Laml actienuation) or (3) optimaliy flat group delay

RS ST -~ U
.

{vs. frequency) response, It is certain that all of these deairable

characteristics cannot be achieved in a single unique deaign.

i A ~
os $ C .

I
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' Bamn the.ﬂ.c - phase ;odnlabor opsrates in a "noise free®
I o ,m; the @uuoﬁ of noise bundwidth dooe not appear to
‘ NS han ms@u signifisance, KNoise bandwidth should not thm;dre be -
g | give. puznpmm in the modulator design. Bfforts in this ared
) I N : : :
- should be limited to those nacessary to assure the application of ncisse.

o {ree moduiating signals, pure refererce signals and clean power supplies. -
‘I] L A- m; is more important in this application is the minimization

l ’ ofboﬁa ﬁe modulation error and the intermodnlation between tones of

l an snsomsle Gf signals. These are both minimized by high open lt;op gain
; 2 , B lnd; U:ldn 1cop ’bam'lwidms, hbvéver such & des.gn must be tenper‘gd by the A

! practisal realisation of the oherert limitations for stability con-
3 d.dcri.ug the nomminimm -phase functicns uu;od by system timo delay ’

plus tha: f;rﬂxor rac'xuirg;nent ;or atbomuti:‘ag hareonic producta of
A dntoction -ﬁ;ﬁﬂ.ﬁ the loop. | ‘ ' .“'_-,

_ mu amﬁity i..a'nc.m the principal gbjoctiv; it 1s nev_artho.leu‘
* ;- - the lmu.ng tactofr.'. ‘Agceptablestabllity during transient forus of
-qdv;aﬁonwud require & phase margin of about 60 degrees at the open
AR
O A i W
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“1oop- unZsy gain frequem;y.
Because the PLC -~ phass modulator is a feedback control circuiy
. it possessas chaﬁcbeﬂatics geaerally comparable to those of a low
‘ pass filter, having both ;a amplitude and phase versus frequency response.
It is not ‘sufficient to specify only that the device have a flet frequ ncy
- . Tesponse. &xo'u,id the slops of the closed loop phass versus frequency
response vary then delay distortion of the angular modx;lation oc;m',
| To minimise modulation error and intermodulation a flat delay response
;s also required.
Should a comprowmise bu required, it is our considered opinion that
optimization of delay response should be emphasized to the detrimert of
frequency (smplitude) response, if mcoaaary'. This recommendation is
based upon the fact that distortion caused by the inherent characteristic
4 of the loop 1s most difficult to improve whereas compensation for varia-
tions of Zrequency (ahplituda) response is possible by at least bﬁ methods,

m:
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a) By weighting the spsctrum of the modulating signal g’{oro
1ts application to the phase modulator, and

‘b) 3y (amplitwds equalisation) after detection in '

e V the baseband circuits of the PM recsiver, on & per m’-

or individual tone basis |
'The requirements of the overall system are neverthelsss suprems, S

‘Should some unique characteristic of the applied signals (which have = .

not besn specified.nor examined during the scope of this atudy) demand
another resylt then the design possibilities are sufficlently flexible

to accomodate an adjustment, Lacking specific signal definition, we

seloct the criteria for a 'phaae-locked phase modulator ¢ be the

minimisation of modulation error and intermodulation by use of 2 "maximally" -

' flat delay reaponse, with loop gain and bandwidths consistent with the

modulation spectrum end with adequate rejection of "spurious™ harmonici

of detection within the loop.

B. -Fundamental Form - Type Filtering for Ideal PM:

In the circuit arrangement shown in Figuré 1.1 the odjective is to

provide a high fidelity broad-band phase modulator capable of wide angular

R o RG2S
o . . Y TN 2 N O L A
RV ){‘ - L u‘.‘i_w T e AN BRI A % %
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dov.htion. In actuslity “he summing anpliﬁar., filter, and VCO ahou]'.d |

be oconsidered as a.:'single physical mbcircuib.‘ An active filter is
visualized, To achisve broadband modulation a low-Q VCO might be specified,
howevar extremes should be avoided. In the practical design the VCO |
should be assumed to hawve finite bamdwidth, hence its control time con-
stant ghould be a factor in the loop frequency response.

A.amplified mathematical model of the PLC - Phase modulator ia
given in Figure 2.1; vhersin the phase detector is assumed to poassess.
linsarity oveg the range of maximum error signals and that distributed
time delays are negligible. The oorx;.er frequency, Hl, is dus to the
limited response of the driving amplifier and VCO ;onc;'ol cireuit,
Under ﬁh‘ue conditi@ the P outpuv 5 46, s A8 & function only

of the modulation may be writtsn as:

KaKoco F) Vi '
A —_— VLOA ] M
3e sf< *) KoKy Kico Fi® ‘8(-2‘ ! )
. a1 AR S . .
Wbz A% v s(g+)
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. N U‘M(S)
Aa'o(ﬁ) = — ‘
R NG A7) S B
V=0 5 T
where
K .. Ka zd 'cho

(2.3)

But before conclusions are drawn as to the character of the filter,

Fl(s) » We must considur its seconuary function, namely that of suppressing

harmonics generated by the mixing process within the phase detector.

As a function only of these harmonics, we have also

NV, ()
48, (s; M k
o h KJ -—§- i%\ .‘-‘> + )
' VMfS)3° K'\r Fn @)

Thus from Equations {2,2) and (2.4) the designer would appear to
be fased with a dilemma in the choice of Fl(s) for in Equation (2.2)

it is desired that the PM output be directly proportional to, and &

v

linear fuuction of the modulating a:léml, M

» 8% all Sfrequencies

)

| vl
kY

I
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vithin its band. This would de assured if the gain constant K o WOTO

-
-

_laige compared to the meximum modulsting frequency ( S= 4 W, . p ) and

if Fl('S) provided lead compensition to ccunteract the lag corner (W)

introduced by (he VCO control. From a modulation point of view equation

(12) would be reduced to:

| Vaa (8D
A M
b6, 6= v Yo o T (is
| ¢ g '
LY D

| Hc'ivmr“for broadband modulation & conflicting requirement arises
in Bquation (2.%). The output signals, \/\'\ &) » of the phase detector
oceurring at the {undamental reference frequency anu ives harmonics
‘show)d be suppressed in :ievel prior to modulatioa upon the PM (VCO)
output, Because of ’,ixe wide pesak phase deviatiAon specitied (L radians)

& feedback divider (of rau.io %) sats the operating frequency of the phase

dgtoctor only a few octaves above the modulation spectrum. The following

s

i\
alternatives are available to the designer,

First, lesd compensation FG) - K:}S— I )3 could
) r

~ be selacted for oplLimum response to the modulation input in which case

R . . K
Db s TR 7. U el OIS % T g T, e g AT L G e s B et T T an e e S s
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the PM out,ut wcald have the full amplitude of harmonic distortion.,

Secondly, no filtering uhataoovog R (8)® 1 could be selected in which

oase the ;xa:mcnic distortion would be attenuated only by the rupon;a

of the V(0 oontrol cdreuit, Thindly by limiting the frequensy response

t; a winimon bandwidth approxiustely equal to the modulation spscizum of

V,. forther filtering of the hamni'c signal, VB(I'). my baA provided by

chocsing o iag filter, where the paramaters are appropristely shosen %0

&8 to eneurs loop stability, yet with desirable loop delay characteristiocs,
In the first and mecond alternmatives, bandpass filters would be

required to remcve the spurious modulation due to the harmonic signal,

VH. These filters would require a linear phase vs frequenecy characteristic

%0 avoid delay distortion of tha modulated signal.

On ths other hend, the third alternative, if careful design pro-

osdures are employed, can provide the desired result, The lag concept

' LI S
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is preferred bscguse: (a) its cost is small cogparad to that of
mmtion bandrass filtering, (b) it maximises che energy within
the desired PM output spectrum by pre-modulztion filtering, amd {c) it
avoids saturation of- the amplifiers required in the forward charnel
of the loap.

Ce Loop Dezign in the Complex Frequency Plane:

In this section three possible design procedures are presented.

These include feedback control design concepts based upon (a) the use

of Bode and }ichols charis as typically used in servo deaign, (b) the

uss of Butterworta Ii]_.'.er synthesis to produce a maximelly flat amplitude
vi. frequency response, and (c) the use of constant delay approximations,
A comparative analysis of the characteristics and nerformance of the
rosulting designs snggests a need for careful and detailed q:leci.ficttion
gt phase lodu’lat.or requiremsnts,

1. Use of Bude and Nichols charts-Asymptotic Dasign: A con-

ventional feedback design procedure has been us2d in pre~

R TR N I OO Ty S

[ - SRSy T S i e R L A
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paration of a prelisinary design for besic analysis of the loop

_ feasitility. . The use of grephical techniques based upon the

logarithmic (mumerical) gain ve frgquency {or Bode) diagrax and the
ilogarithmic gein vs line~r phasa 'angle {¥ichols®) chart ars simple in
application and effective in rapic synthesis of desired characteristics
based upon a chosen form of open loop transfer function. The accuracies
obtained with the procedure are sufficient for the majority of sex’vo-dss'ign.
problams, In the paragraphs to follow the design %3 based upon the
fx;equengy respense, signal bandwidth, and spurious attenuation require-
ments specified for the modulator.

In applying the Nichols chart (see for example sny SW textbock
on linee * fo?dback theory) it is well kmown that peaking in the steady
state frequancy response of the slosed “oop is indicated by tangemcy’
of the locus of the open loop transfer function to an ‘Hp c;:nboux'

;£ con.;yt.ant. magnitide, Thus for a specified flatness of frequency

_response of + .5 DB tiie oper. loop locus must reach unity gain in the

manner iliustrated in Figure 2,2 with a ptase margin of approximataly

oo
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57-bu degrees. In oider to illustrate the méthod,we sslect for the
quasi~-linear model of Firwre 2.1 a lag filter comprising a single time
constent aiso at a cormer frequency, Wl. Wa may write the open loug
transfer function as:
(rrs) = (K (2. c\
. v o Ko K (2.2 )
whore Kop = f_l} ~d Rued
N
The gain vs frecuency response can be determined from
i L
RN & -
/(';(s)z = LG [5) 6(~5); (2 g )
!
.|
which upon substitution of Equatiorn (7.€) becomas.
( / pY.
}G(,-w))3 Aot T SR “
- j LIl Le\d, 2/m\ 2.§)
( L w, w, | T
Al
or alternatively,
= T
(Gl 4= s20bs, K.y - 20hy ool T(2)F 2005
- The phase angle vs frequency \ignoring branspon lag at this ' @/0)
tim) is _siﬁpxy:
ﬁ:‘. -Z-ﬂavci/an L. ' ‘
) . 2 w' . ) f‘JH’)S_ ) . (2.“)

\ N . &g .
2. R R N e W e ulm‘.‘*ﬂw*.»mw e i AR —t
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The phase margin ém {s equal to ﬁ—ra':‘.ians mims the phase angle,

Bos #ccuwmminted at the unity gain frequency for the 6pexa loop, thus

s o :
QM: -P-_-z-_ -2 aerttan ..2.‘:.. ) raJ;ans_ <?~'Z)

“Tha recommended phase margin of 60 degrees i: selectsd for acceptable

stability in preserce of binary or trarsient modulation signals and for .

: ‘paal:ing in the Irequency response of about + .5db maxiznm, We can solve

for the corner frequency, Wl :

>.° . © ’
56 s 2 aveten e

W,
(i:'_f: - taw Jc°
“w t
w, = 3.730, , S =3 73K, (QJSB

Ths next step is to determine the open loop bandwidth, Wc. The re-

quired val.e for W, 18 determined by, (a) the gain required at the top

" of ‘the modulation band (near g = 257118 x/.‘ c¢ps) for

the suppresaion of intermodulation cowmponeuts (see Table i and the

diecusaion under SeeIll Bz below), and (b) the attenuation required

>~
— e . - ——— .
) : Lld . R R A Ut A e
’ ) . -z Bt : B R L
N
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to reduce the spurious levels, caused by phase detector carrier feed~
through and harmonics, to & level 50db below the ummodulated carrder.,

According to the two-tone analysis of a 5% 1inear phase detector
of rangs ::i'rldians the intermodulation due to the detector nonlinearity
requires negligible gain to meet the fidelity specification, If this
detoctor is acaieved then the open loop bandwidth, wc, can be calculated
on the basis of (b), the attemtion at 25 mc's. From t.l;e geometry of
‘Flgure 2,.3 it is obvious that

> CeTa (2.4

§ .3/ mcs

i

l
bs | 2T, = 33.4 yerps

fez 245 = /i y3mes

L

lo, - 2= 17 ‘Fc = ?,Tgi/oc re S

-/
Ky = Y. .77 V/o6 Sec
From Equabion’s (2,3) and (2.7) N
K’V - KA /(5 kVCO
N
\ 5]

P - )
_'L‘Q}(\.’Mud—-'\p:—_—v—m.“. Tetmeoen e s st R e LTI w;*rn A x{,,wm k‘, — e e s



We have previcusly rscommended:

" N = q ( See L.'I Y- b,/o“)\-)
l Ky =0 lseo T Bibelw)
Therefore ’ 6 .

I * Kd Loco = 9,73 vr6° x o

B )
i v ‘

- A Ky = B.E7 <o
" o - If the detsctor sensitivity K d = / volt per radian phase error
" - - , and K veo = 3. 59 \/b‘radians per second-volt,
n ' . : -then in closed loop operation the PM output
“ . o A 8o () e 4« O radians peak within the
T . - UM

Further computations show that the selected perameters far the

basic loop provide a desirable frequency response without the assistance

-/ aam - Gs
- ’
. .

6f suggesteu pre-emphasis, A graphical solution was s~ wmed first be

i determine the roots of thée closed loop equation and the peaking of its
b
Iv T 'frequamy response. The graphical solutions ave given in Figures 2.2

", : ' ‘gnd 2.4 These approximate solutions were confirmed by a more rigorous -

£ pererd -
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analytioal computation of the closed loop frequency response which is

shown in Figure 2.5,

The clossd loop transfer function given above can be expressed in

more genaral form as:

In Figure 2.l values for the parameters f » W, and W, are determined
n

- from the open loop aSymyptoAe$ and the real axis plot, The complex

roots were found at a resonant frequency of 2,LL mcs with a damping

- e v mew  wmw  www oo Sme  we  GEM WY

coefficient of 0.578 . The upper lag corner f, in the closed locp is

at approximately 7.8 mes,

Having determined ‘F'l ) ;‘ and 5 the closed loop asymptotic
ol

plot mey te drawn which cle‘arly shows a ~50 DB attenuation at 25 mcs
| relative to the low pess signal spectrum,
The frequency response of the closed loop might be estimated by

referonce to any standard text on control theory, which have graphical

-

R 3ol Telne -, e

= g & SRR T 2 S BT T T R L TR M S AR A e S e P S 255 S s 3
s ; T SRR AR . R
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‘;;;_:‘ :‘ )

frequsrcy responses for Gquadratic or complex roots, Bstim:tes my also
be made using the gsin-phase plot of Figure L, where the curvilinear grid
r?presenbs the clc;fsed loop performancs. From thls plot maximm pealcing
of the order of O.4 B or less will cccur st about 1.3 mcs »= shown by
the tangency of the focus to the M‘P contour,

in view of the very tight specification on frequency response, i.e.,

less than * .1 DB at 500 X,q and + .5 DB at 1.5 mcs, it was deemed advisable

to compute the frequency response analytically, from

. (A <
f‘éf*‘!‘*’)} S 41\?(-5)72

|

(Aeo _NY [
VMQ? h AL-&‘L"- , aw! J,.H_L-.‘i]‘v‘wl

l(zlvu- szw‘?. | KV LK'V “

or alternatively,

R
: 2oloy H-10hy (/_%_g Y /—:—"; |~ &)j B4l 1)

N Jwil A

~

&
=)
M




o5~

=8

.

1

i

L s

oo

-

L
-

oizad o

oe—

[

H
R g

P N

;
s

e o ooyt
JR.
4

ke -

4
s

cof -
e

4
--n;—— ;

-

.:-g‘;.

B 3
o~

-‘A!.“

.....T_
et

Lo

ar—=

A S SR

& v nred

Pty A

i

-1

-~

P AN

f~ 7 4~

ad

¥

—

SNOISIAI) OL X #31DAD &
IENR IR,

| KN WER SER B AR SMe Me WS e MRAGE

R Rl $o e

e

v 1

#
i, | damsiuns

K Lan
i

RS

g

ooy

Al FRSRS ERNET R,

- -
AT s wte A




W

where (‘ = 1 volt »:r radian. This equation is written in terms of the
open loop design parameters N, K,, and wl. It does not ifvolve t'e
ingceuracies of the graphical method. From the curve of Figure 2.% '
1t‘ is sesn that excellent correspondence with graphical estimatss re-
sulted. The relative attumuation at 12,5 and 25 mcs was calculated to
be -33.8 and -50.9 DB respectively.

Study of Figure 2.5 reveals that a satisfactory amplitude vs
frequency respanse may be obtainad by simple synthenis procedures,’
using Bede snd Nichol's diagrams, especislly where the open loop transfer
function consists of simple polynomials,

The phase response of the modulator mey be calculated by use of
the aroctan-ent of the ratios of imaginary to real parts of the -clos;d
doop tran-r.fer. function, as evaluated at frequencies of interest, The
w response 13 shown graphically in Figure 2,2 from the open loop |
data, Using the cuwrvilineer grid of Figure 2.2, the clossd loop phase

responss varies from zeroc to about -60 degrees over the 1.5 mcs bandwidth

of the modulating signal.

s
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The group {time) delay caused by the low pass characteristic of
the phase jodulator loop, having the suggested parameters, was calculated
accurktely and is plotted in Figure 2.6. The variation in group delay
cver the frequancy range up bo 1.5 mcs is sesn to be less than 40 nano-
seconds. Over the narrow band channel 0-500 Kes, the variation of group

delay is aboul 5 nanosecornds.

2. Decign for maximally flat frequency resgonce:

Tt has been suggested that loop syathesis using ihe Bode and Nichol's
diazrams as il.ustrated in (1) immediately above is overly conservative
ia that improvements in fiatnese of amplitude response over the desired

' bard and greater attenuation to out-cl-t:and harmornice and spurious

signals sh;uld be possible. Butlerworth filter synthesis procedures are
) suggested as a pussible phase-locked phase modulaior design technique.
To obtain a Bt.":.t.er'ftorm characteristic the p.ocedure requires the

3 synthesis of closed loop poles, corrlex and real, lying on a se:;:icircle

in the left half of the complex fraquency plans, A fundamental constraint

W

Ra T .~ V; " d . e Bed
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‘upon the design exists because of the inherent pols at sero frsquincy
w':;icb.' is a necessary requirement for the open loop iranafer function of
ail phase-locked ciscuits,

By judicioas ¢holce of loop gain and loop filter (Fl(s) ) character~

_istices, it is ngpothesized that open locp poles may be forced to assume
a Futlervorth distributious as illusirated in Figure 2.7,

From the root locus diagrams one my swmise that odd order Butter-
wortha may b2 readily synthesized with phase lock systems having the
‘.nhex;ent pole at zero plus loop flltering by cormpiex ncle networkz, Om
the ou’xer ham* sven order Butterworth phase.liocked circuit designs n;;nire
an add#.ticral pols on the real axis which, ;atith proper gain determination,
soxbines with the ipherent pols at zero to form a complex pair on the
mtbem semicircle.

Fbr" exsrple, the transfer function for a thres pole Butterworth

' regponse af the phase modulator output as & function of the input

modwiating signal is by definition:
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The phase-iocked circuit requires a pole at sero in its cpen loop transfer
Zunction. Since the total numcer of polss must be equal in the open

axd closed lcop fnnct.:lcns)re selsct the open loop tramsfer function as:

G4(s) = ’ )
3 -~ 2 .
/ s+, as, 5+,> 2./¢
A closed loop transfer function may now be written in terms of

open loor. parameters by substitution ir the familiar relation [ é— ) = __éé)

/ #G(s)

s» that:

- / | y
faloy = . (.17
(s ) '

By equating the closed loop relationships described by Equations (2.17)

and (2.,16) and solving for open loop parameters, we may synthesize a
phase-locked modulator having the Rutterworth characteristic. The

equality is:

3 2
3 2 S 25l 2§+!
5..,+.""__f.e.$ + 4 ='="‘3 > 5: S *—-——w—s o ‘
Kol K, 4, Ko 4, “, ™ (Z.Zc/

e .
0\ - 4. . N . . '
Bz ac s PRt okl AR, L R Tt CUCEO VRSP -,
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e

Tre oonditions for equality requires that the coefficlents of like power

must be equal, therefore
'Fpr P ZVJ 0viw Bu*evwvvﬂa .le,sn,”:

K, = W | '(2,21\.

2§ + |

= w« | 7*34'1 , &.v\é; &2.17‘)

W,
e
f, =

AW, (?'7'3) |

In order to cogpletely design the 3rd order Bntterwoi'bh rm@e the
only determination necsssary is to select a value of wm for the desired
flatness over a glven bandwidth. The cosfficient of damping is uniquely
determined for any design because of the uniform and symmetricel i g
tribation of poles on the unit Butterworth circle, For the 3xd order

Bntimﬂx the coefficient is

§ =05,

The value for the rescnant frequency , wM s of the Butterworth

may be selected from the published normalized curves, (S6e for example

S~ prhoate . - . . . . e e e . R RO
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"Reference Data for Radio Engineers®, Lth Edition, chap. 7, pege 19L,
(a book published by TIT Corp.). For a droop in the amplitude frequency
response of O.QDB at 1.5 mca tl'e standard normalized curve for the 3rd

order Butterworth indicates & required value of

e = 7 x0€ npg , Gonseguently

K'\r':— 2.5 1T J‘/OG Scc-,

LUmD = )/.)_: 5, xus6b Ly
g’ = D. 70 7
R V :

The open loop transfer function for a 3»d order Butterwort: bvecomes:

2.5 7 )(/o‘
63(5> = sz — (2,24

S
*
5({0 Texilt /0T x/00 H\)

The designer of the phase-locked phase modulator mey consider even

order Butterworth designs, using similar procedures. For example, & Lth

order gu_ggg requires,

/

8, /.
F s = é—-"(‘/: .
ol NV -, 240924 Lo axa; @‘
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S {
40) = - " - 53(’\2.17) -
| .§—$41/+~§—38+>+/ ‘
1 a
‘ Kdr Lo 9 LU"‘D
And
Y S b.4724 40, 3g3> 3 </+Zx0‘rl‘1 xﬂ?f)s -Q;((J 52 + 0,39
LW +,%3( +% - : Y
<9 4‘.1.\1_{,105&1 J‘+i§?52+§— + |
= K sz K, \\w’ho b, CKy LM Wao ISy .
. VoMY | >
é A »p £?é‘28‘
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For the Lth order .Bt‘xt.t.eruort?' synthesis the conditions are
W
K'\r - "‘;’ZD'(’/"" %(’Z.Z(j B
W, wa.};’ = 2.6rq W} £y(3.30)
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¢ ¢ ,.9"-1 "\ et el
S oafe D
N " _Again limiting the smplitude frequency response to O4.DB over
- the 1.5 mes bandwidth, the computed solution is:
- For a lth order Butterworth response at W =~ & /‘7"!/0‘ A,Ps
. A ! _/
}<v—' = /,9//7- ’//O‘ = ('7"/06 Sec

- o wy, = 2a3.3 x 0k np s
LI ‘ o~ b

— : /s '
l ? = 0.8

o ’ -

I so that
I . #( S S 4 z . %0908 5733,

o ) SRR

23,5 x/0 20,04 106 §.GSxs08b +
l The frequency responses of the 3rd and Lth order Butterworth designs
l were evaluated and are plotted in Figwres 2.9 and 2.9.
' The axplitude response Figure 2,8 of the 3rd order Butterworth shows
l relative attenuation ofsbout =42 DB at 12,5 mes anc sbout -60 DB at 25
l 'mo8, This 1s accomplished with s phase margin of €0 degrees Figure 2,10
3 and with a variation in growp dnlaly of abovl 38 nanuseconds over the
,. 1.5 mes bandwidth, Figure 2,11,
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Corresponding responsos of the Lth order Butterworth show relative
attenuation of -56 LB at 12.% mcs and about ~"J DB at 25 mes, Figare 2,9.
The phase margin remained at 58 degrees, Figure 2,12, while the group
band increased to about L7 nanoseconds

delay varialion over the 1.5 mes

Figure 2,13,
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Constant Delay Approximation: - 4 third design procedure which
mh, be of greater significance for angular modulation

s&stems of which this study is an example lies in the syntbhesis
6: a phase modulator loop having constant delay approximation,
Reference to Figures (2.6) (2.11) and {2.13) for the Bode-
Nichols and Butterworth procadures respectively, indicate a
severe variation in the group delay vs frequenc& responses
particulariy in the top of the modulation band. For some systen
the indicated variation may produce delay distortion of cerious
consequences. In the deslign of the phase modulator,gréater

exphasis may be placed on the <elay response than has been

afforded by either the Bode-Nicholis or Butterworth procedures,

A design procedure similar to that deyeloped above for the
Butterworth maximally flat amplictude response may also be
developed for linear phase (or constant delay) vs frequency

spproximation. Por constant delay approximation the poles of

the closed loop phase-lock2d modulator are forced to assume a

sniform distribution along a line in the left half plane

e
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parallel to the imaginary axis as illustrated in

Pigure (2,14).

A %“hree pole distribution approximating constant delay 1is

described by a closed loop rhase modulator transfer function:

/

[ os220=
34 /JKA +l> (0’ LL 0?23-.!;‘ s + ) > Eq (2-3“")

The form of the open loop transfer function, as in the case of
the Butterworth design 1s

Ko _
\
of SE v 85 +I) Eq (2.35)

”d

C%é)-:

~Q

In terms of the open loop parameters the closed loop function 1is

/
P S—
(5 ”‘50 S ,.,) 2q (2.36)

and the condition for synthesis of approximate constant delay is

expressed by the equality:

r3
&3 +3S_§,+ga~fz+b’~5+l._,___§_+2§._5__+§_+’

T
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Therefore the open loop parameters, for a specified closed iocy
-distribution of polies are: -
K T (CT L > 52) o
v 30t 4 bt Bq (2.38)
‘v“ - - z' L
Eq (2.39)
R L
> 2 34+ bT
2q (2.40)
The open loop transfer function now becomes:
a~ ( rz'.'f bz>
A
§,6) = - - -
S ( ___S_z + £ ,_s + / )
354 352+b Eq. (2.41)
where the roots ére at
$= O " -
G~ ' )/ o4y b
< i;_. * et X
O
T T
S = -_5__9:' -— ) {36‘ ’l‘/b Bq (2.42)
> z
As the Butterworth design may be extended to 4th and higher
order functions, so also may the synthesis of higher order
ot
- -~
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' constant delay approximations, For a lith order delay approximation
l Fig. {2.14b), the synthesis requires open loop parameters satisfying
l the following corxdibigns:
(¢ b (o* +7L)
' Kv = yo (o5+ 56%) Eq {2.13)
l woe HO (-*+ 56")
I ! wﬂz; - Eq (2.LkL)
i ok U
e o W (607 +10b -0y,
- Eq (2.L5)
l fo- (o=>+ 5b%)
' k_)"‘; - 2(3r"+5’1>7jw,,:+:‘éa"2(0""”+ 5‘&?00,,: Eq (2.16)
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Design with Bessel Polymomiais for Maximally "lsi Delay Response: -

As an alternative to the linear distribition of poles as required
in Tig, 2,1 (which gives constent delay with a ripole factor), Bess~l

pclyroruala may be selacted for a maximelly flst delay resconse, De-

rivetion of the Beasel rolyromials is described in bhg technical literature,
4 eorvanient table of coeffizients o5r ine polynomials in (s) sre given,
iar exgrple, in Weinoo ¢, Louwls, "Modern Syntrnesis Network Design from
Tables, Part 111", Vluetroric Tesirn, Gct, 15, 1954, This table is
rauseted here in Tig, 2,15,

“ron the ncirelizod wal ws glven in fig. 2,15 the foll-wing distribue

tions ol roles ar2 renuired to synthesize the TFessel polynonials:

For & 3rd order Pessel F3(3)1

s = .2,37219
s = <1.3%9) +3 1,75L38 Eq (2.L7)

s = -1.83801 - 3 1,75L38

For & L4th order Desael Fh(s,

s = -2.89621 4 3 49,6722

8 = -2,89621 - } 3.8723 Eq (2.48)
g = -2,2037% + j 2.55742

3 = -2,30379 - § 2.657L2
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Table 111 - ¢

Element Values (in oluns, henrys, farads) of a Maximally-Flat Time-Delay Network with Resistance 5‘
Termination at Load End (R, = | for all vatues of n). (For this case unprimed values correspond to -
a current.gc.rc@ input jor n ofld and to a voltage-source input for n even.)

Yalwe of n Gl ar L Lyor <y Cyor Ly Lyor Gy Cyor iy L erCy Cyorly L. or c; C’ or l.‘, Lo or c“ c,‘ln L'“

1 1.0068 - ‘
E 0.333) 1.8000 R
) 6.1467 0.48°0 0.4333 :
4 9,1000 T 02394 [ 1% .78 '
‘s 0,0447 9,1%48 ¢,3103 0. 4218 6.4231 }
. 0,047 0. 1400 0. 2246 0. 3005 0. 0 0.9595 )
P 7 0,0357 0.108% n,.1704 3. 2288 €. 2827 0. 3481 0.5111 H
: s s.0218 0.¢323 0138 €, 1866 0.2227 0.243 0.3212 0.4732 !
L] 0.0222 9.0660 0.1077 0,143 o.1011 0.312 0,248 0. 2986 0, 4424 A
19 0.0182 0.054 o.ve06 0. 12y 0,154 o.1080 n.3087 'R, (W 2T YT ) i
1 .08 0.0481 0,674} o104 0. 1269 0. 1490 (BT ... 1 6. 2118 (%13 . 958 1
: i
‘!
3
: , i
: i
. Table I1I-»3 . i 2 .
- - Exact Coeificients of the Pol'momials h (s} = 8" ¢ a 1 " 1sa znn' 4+... 40 848 Used for !
Maximally.Flat Time-Dela, Networks n- ne ° i
- 1
o L u 3 ) s 4 L SR TR
H : ‘ ; '
. N )
: 3 3 i
a 3 HY Y Y [ 1
. . 108 105 43 10 .
. s 948 s 420 108 13
n + 10,593 18, 98 4,728 1,260 a0 1)
' oo 7 138,135 135,138 2,370 17,328 3,180 e 2
Lo s 2,017,028 2,027,025 948,9¢3 270,210 51,978 6,930 30 (1Y o
: ] 34, 859, 425 34,459,428 16,216,200 4,729,725 445,945 135,133 13,660 ”o a8 '
L 'i 0 634,720,075 454,129,915 310,134,825 91,891,800 18,916,900 2,837,835  M53S ST LOs S o
B} 11 15,769, 380,57%  13,749,310,57%  4,347,290,75¢ Cha9es187,228 413,513,100 4,324,260 7,567,960  £75,478 45,048 1,145 &b 7 -
{
i ‘
Table III~ L Zeras of Polynomials h (e) = s“y (1/8) Derived from the Bassel Polynomisls for Values-
: ©° of n from } through 11 a a :
| v e
, 1 -1.0000000 . .
N 't ~1.3000000  3,0.8660284
3 -2.3221884; 1.389073 951.75438)0
€ -L.ONRI0E LH0.L672341; -2,10570%4 2526974180
. S 304673060 =2 3819804 117626614, 236674 143, 5710229
R 6 AZ4I59E R 86TNT; 37357004 1516262723 -2.5199022 1344924730
> T A TTITR, € THING L TINIMG 40701392 3. 0171740 2. 6ES6TEY 43, 420600.
3 SR CEINMD RO.BETAIAG -Z.BM830M0 110053010 40662890 S44.41444250 S 2048408 426101700 .
%, e IITEINN 62293019 ALLLTITRMAE  +5.6044210 B13.4M015TY <M. GMANY S 0LTATAT) <R, 9792608 4)7. 29N 44NY
I8 A IBIOGE TJ0.GATLABL: -D.108TIAT £58.2526998; 6. 6152906 2526103480 0.96TEIET )4, 0494715 4. W06219S ‘p3b, A24M58
"

<. 63309 -4 381001 us.zjﬁ‘m. SL1ISA3 4T,1370108; -T.4062090 L7310 ST.CHT09M4 £10.48ML4N SRAMIIM ER.ITHME

A oy ol o briaad, I} -

s

Fig 2.8 Tobles For Maximuilp Flat De/af Syudhess ’
- Algffﬁoiojcl veluss ( From Weinbe 'd‘,'{'")
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The synthesis oi the PLC phase modulator for these closed loop Bessel

characteristics requires a distribution of poles in the open iocop transfer

function as fcllows:

For a 3rd Order Bessel G3(s)

g =0
s ~ -3,00000 + § 2,LL9LS EqQ (2.49)
8 = =3,00000 - 3 2.LLSLS

For a Lth Order Bsssel Gh(s)

s =0

~5.23548 Eq (2.50)
-2.38226 + § 3.79204

~2,38226 - § 3.7921L

/]
»

7]
L]

Using the digital computer, these parameters were used to obtain
data for curves of Amplitude and delay vs frequency. In order to compars
the Besse! an& Butterworth desigr:, the Bessel responses were normalized
to give a ~0,2db vartation of amplitude frequency response at 1,.5mecs,

The am-litude responsas are Gaussian in snape, They are given in Figures
(2.16) and (2.17) for bhe’3rd and Lth order Besuels, respectively,

The time delay responses for the sames normalization are givrn in

(OhY

C«‘Q‘.
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Figures (2,18) and (2.19). In either 3rd or Lth order Bessel designs

note that the variation c® group dolay i3 extremely swall (1 nanosecond

" over tae band to 1,5mcs8) to freguencies =mach higher than l.5mea. IMus

intermdglation due to delay distortion is vestly improved over the

. Boda-Nichols and Butterworth designs, .

L, . Cosparative Evaluation of Deeign Procedures: - In the study reported
herein an attempt has been made to apply some of the .icre familiar synthesi
techniques to the design of a PIC phase modulator. 7The designs were T8~

f:x"esent.':.bive but 1r b all-indusive. The ingenious designer may certeinly

visuaiize other pole distributions cepalle of gooc results, especially

-if a compromise between delay and amplitude responses is reguired or

justified. ‘

At this pt':inb & listing of the signﬁicant features, advantaga's
and disadvanf.ages of the demign procedures studied in this investigation
is ;:ffez-ed to dewslop a preferred technique for the mechanizatior. phase,

(A) Synthesis using Bode-Nichol's Diagrams:

** . 1. The procedure is primarily gra-hical, using ssympbotic curves

;(
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in the 3ods Giagram, and !p contours of constant nagnitude in the Nichol's

chart,

2., The procedare is very rapid and easy to use, particularily . for
eystema ;;o'aammg vl roots, although 1t io slightly more difficult to
use with complex roots,

3. Excellent results arc possible in synthesis for a specified
smplitude wo rrequepcy response,

L, Raths: poor results are anticinated in synthesis of & specified
closed loop detlg;r vs frequency r.-esponee, This is the priaary disadvzntsge
vhen used with angular modulation systsps,

S. The procsdure does permit a simpls and excellent gra‘phicnl 1llust-
ration of stabi}ity margins of ths design,

6, The procedure 2lsn permitas a simple graphical illustration of {rens-
port lag sffects oa the system performance. It is in this respect that the
Nichol's chart may supplement the computation necessery for Butterworth or

Bessel synthesis procodures, -

( B.) Synthesio using Butterwortn Pole Distribucionss

1, The prooedure is primarily computationsl although a root locus

diagram Is useful ‘or illustrative purposes,

-y
e
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2, The procedure -ives a2 maximelly Tlat system amplitwle response

.

over the inband spectrum. It gives exceliant ou: of band rejection ce-

pending upon the permissible inband amplitude ripple,

3. The procedurs gives a poor system delay response¢. £ larye variae-

tion in group delay occurs near the top of the inland spectrurie As with

OO prwT e

the Pode~ilichol's method this is the primary disadvantage of the —method,

T ey

|
:

large delay distortion intermodulation rroducts will occur in the gyshem

output.

L, The procedurs is not easily adantable to account for emplitude

.

peaking caused bty transport lag effscts,

(C) Synthesis using Constant lfelay Pole Distributions:

1. The vrogedurs is primarily computationsl in its anulicetion
N x o " M 3

alti:o igh here a root locus is useful for illustrative purposes,

2. Synthasis of 3Sessel polynomials pives a maximally flat systen

delay vs {requency response over the in-band spectrum. (The linear

S g g et

pole distribution gives a constanb-delay aprroximation with a ripnle

factor). This is a primary advantage for angular modulation systems,
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3. The Ressel synthesis results in ponr out-of-nsnd rejection,

83
Q
G

the arplitude resnose following a Gaussies (for a larpe mumh:r

.
of polas),
g

L. As with the Puttervorth synbthesis, simitar difficulty is en-

’

countered in acccounbing for amplitude poaking effects caused by transpord

lag effects. Iut since the Pessel amplitude resvons:z is falling oll more

ra idly withi: the in-band spectrum than is the case for the Putterworih

dgsigns, some peaking neav the top of the modulation band may actually

be beneficizl to the ‘reqiency resoponce of the Dessel desin., The effect

nf transnort lag con probetly best be shown bty sup-lementing the design
with the llichols gra-lical caart,

In conclusion, with reapsct to synthesis -rocedires, the studies
rerorbed herein roveal that rather rermarksble results have tcen shown
to be theoretically possitle, considering the inherent corstraints ime

rosed by the fundsmental characteristics of phase locked loops. For

angilar modulation (FF) applications:
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(#) the necessary emphasis on delay vs frequency respbnso

to prevent dslay distortion and intermodulation, reguires a
Ragsel synthesis, or at least a corstant delay approximstion
in the PLC design, and

(b) if necessary, phase linear amplitude equalization should
be applied outside the PLC loop to. shape the overzll syaztem

response,
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'S, Eqalizstlon Concepis; - The characteristics and performance of the

possible PLC phase wodulator designe achiewed by the sbovs proocedurss

may \u some casss be 2ignificantly improved by equslization networks
placed cutaide the FPLC loop. In order 4o achisva optimum amplitude and
phasa {or delay) vs frequency responses simultsneoisly many mathematical
models might be envisbned. But practical ecomomics of design plus lcop
stability xoquirements limit the syntheslis of poles to thres or four

as 11lustrated above, With a four pole design the loop would l;o li.niiod.
to its inherent pole at 7iro, plus a real axis pols at soms high frequsncy

wl, and 5 complex conjugate palir at a relatively high rescnsnt frequency

w «
n

Thus in orisr to improve performance of the illustrated designs (which
are not suggested to foreclose other possibls distrivutions of poles of the
ciosed-loop transfer function) it mey be necessary to edjust the overall
modulator response either by pre-sap... "4 to tha modulating spicirum or by
pest-modulation compen ation to the VZO output wave, In eliher casze the

external netuork would not be a direct factor in the design of the PLC loop

£~

-
o -
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for stability.

éor mh if the modulation sigaal consists of an snsesble of
discrets tonesz or channels, as psrhaps in a telemeiry and sidoetons
m@g systen, it would be a siapls matter to adjust for nriaﬁ.on:
Ah‘on ideal frequency (smplitude) response by weighting the individual
- tones px;ior to the signal combiner, Pre-emphasis filtars should net

ordinarily be used withuut due sonsideration of thsiyr effect on Dhase

as wvall g3 amplitude response,

The uss of premcduistion delay equslisation using 2ll-pass first .
order lattice networks or equivalsnts in order tc compsusate for the
peakingein the dslay responses of Figures .2,6) and (2,13) is theoreti-
aaily poaaibh'. It is believed that better results might ba abtilhad
with second order all-pass siructures plaoced in the 50 MC output channel

“of tho VOO outside the PLC loop,

Should 1% be desired to synthesise a constant delay approximation
network of a large mumber of polss, greater than L, it is suggested

that this may be socomplished by using all-pass structures follewizn: the
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V0. Admittin: symmsirical complax conjugate zeroes in the right half
plane the distribution of rcois may be arranged iz patterns such as

shown in Figure (2.20),
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Slncz the all-pass network contributes twice the phase anyle of the

cranlax a3t i1 the left half plane, the disirituticu must be norunile
forw as shown in the sketch, .

@

2., Bvaluaticn anxl Zecomrsmiaticns: = The desiiner must consider ihat

4 710G phaze nodulator operatin ati honé-idths in the megacycle yrecicns
m:st bhave an squivel..:nt mathersiical mecel, £ (s), wiith pcles of the

(cpen) lcop characterdetic ecuatirn irclvdine at leasi the foellowdn .

3«0 == inher-rt ir all Fhase lccked circuite,
S W - Lderert In \ne VOO controi,

foe
P
~y
[2N
o
124

fer filteriny c¢f phase detecrcp

fw == doalr

U
»
H
3
|+

rarmoples of mixdrg ard for Jrop tardwisth
stapdng,
Tius, the desi n mst be based upon the synthecds of an ideal dietrll -
Vler ¢ thasa poles ir the caumpiex fretlensy plane to achdeve tre fideldity

renired over the Jesirad range of input signals. Secticn IV balew deceric-

ing inplemeniution of clrcuits, sugpests metheds of achievin, a fourt! crer

e e o e PREN
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gystem, In the distribution of these poles in the closed loop mode, it
is olear that high fideiity angular modulation syetems require constant

delay vs frequency characleristios to avoid intermodulstion of an ep= .

‘semble of signals, and thus the Bessel distribution ia preferred., But

if the 4 pole Bessel is sslected, what are tbe consequences on frequency
rer'poaie and out-cf-band rejecticn of undesired sigrals gemerated by the

fecdback divider and plane detector circuitry?

To conduct a comparative analysis of the Buttervorth wi Besssl de-

signs the curves of Figures (2.8), 2.9) (2.17), and (2.19) vere computed

all at a maxisum droop of -),2 db &t the top frequency of 1,5 mes, For
this comiition comparison of the 4th order amplitude responses of the

Butterworth, Figure (2.9), and the Bessel, Figure (2.19), curves revealie

_ ~aperior out-cf-band rejection at 12.5 and 25 mes in the Butterworth de-

8l:n as comparsmd to the Bassel responses

AEFFETE
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frequency L pole Butterworth 4 pole Beassl

iS5m0 eeme- 0.2 db mee-~0,2 4h

12.% mes ~---= 56 db ~—-— 13 db
28 M8 00 eeeee 79 db wrne= 35 db

One is to be remirdec however, that

1')
[
im
o
5
-4
A

whe specificaticn for thae phase

-

modulator requires sn amplitude Ifrenquency vesponse cf + Q.5 db at 1.5 mes,

uis speciticaticn may be interpreted to mean that the peak to peak variation

permissible cver the modulaticn band from G to 1,5 mes is a total of 1 dkb.

Assuminz that one-balf (0.5 db) of this can be logically allotted to the

phase modulator the whole design may be freguency scaled accordingly:

Fova mER ..

-

frequency L pcle Eeasel
iSmes 000 eeee- C.5 db
12.5 mes ___.30.5 ab
25, mes ~--=51,5 db

From the normalized data computed for the Bessel distributicn under the

frequency scaling for - 0,5 db at 1,5 mes, the delay varlation remains

.



T T T

-

ere WSS SN . SRGS  EDGN SR BEWR bl

M

well within the lentztive objective of less than one nenosecond.

iho conclusion can be irawm tha’t it is possible to syﬁthasize 8
FLC phase modulator having a Bessel distributicn of poles Witk an
extremely linsar delay varistion ;har&cteristic, and & satisfactory
anglitode response. This assumes that the phase detector is desi.ned
for a fupdamental h;rnonic vy at 25 mcs and that sufficient balence
is obtzined ts prevent 1 .5 mes feedthrough at a lavel grezter than
=20 db relative to the sensitivity of the pesk modulating signei qu

The closed loop parameters to be syunthesized for & ﬁeasel dlstri-
tution giving -0,5 db loas at 1.5 mcs becoms f&if)

S —2.722 + 30.813199 x 367

S = w-1,97756 + 3245795 x 207 Equation (2.51)

To synthesize these values ihe open loop parameters are:

8, (s)

S=0

S®a h-92]35 X 107

5w - 2,23932 + 3 356061 x 107 Ecution (2.52)

s
£



7.

i m./

)

-
rps.

b x 106
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$I¥. PRACTICAL PROBLEMS IN MEGHANIZATION ' , 7§/

In this section, a deseription of the requirem~nts imposed upon the majer
subeircuits is presenced. The guiding theme has been to aveid generation of
intermodulation and distortion is so far as ix practical)rather than to emphasize

compensation after the fact.

A Feedback Divider: ~ The specificution reqiirez a wide peak ohase deviation

.of’ﬁhé putput PM signal of f 4 radians which is fer in excess of the range of

realiz;?le phase detectors. The desired dexiation ls nossiblie on.y if a frejuency
divider is utilized in the feedback channel for the purpose of compré%aing the phase
deviationlto s lower neak value whicb dous fali within the linear vange of the

~’

aetector. The magnitude ¢f the division ratio must be determined.

1t might be suggzested ta t a very large ratio be used to qnable the use
of a simple product_(or sinusoidai} type phase detector having linearity over only

a few degrees., This suggestion is, however, & »itfall to be svoided,

In sslecting a va.ue for N (the divider ratio) the following points are

emrhasized:
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1. Although a large value of N might be used, it is impassibie to ;29
compress the signal bandwidth (at ti.e dutector) to less than a first

order spectrum, i.e,, O to 1.5 mes in this application, and

O L

2. Large (or even modest} values of N cperating on a broadband modulation

3 on a relatively low carrier frequency results in bringing the sua or

4 BN ¢ TP SN

ac term (&t 2 w;.) of the phase detector output sufficiently close

to the modulation spectrum that an ideal filter to raject the harmonic

{and the carrier feedthrough; can no longer be autonatically assumed.

i
»
H
}
:
<
S
13
N

Suppression of the harmonic component becomes increasingly difficult

as the divider ratio N is .increased.

; Consideration of these factors plus the oractical vroblems involved in '
the desiga of a linearized phas¢ detector lead us to tha conclusion that a feedback
divider ratio of value N = [ is mont desirable from all aspects. With N = L the
peak deviation ofAL radians is compressed to 1 radian at & carrier frequency of 12.5
mes, This is a suitable carris- frequency at which to construct the phase dstector
using coﬂvantionnl techrilquea. It permits significant suppression of the carrier
and harmonic outputs of the phase detector by simplollﬁg filtering within the phase

modulator loop.
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.and VCO,
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B. Linear.ty Coneicerations: - The linearity of the components within the

1L phase modulator is impar tant in satisfying the required fidelity svecificat -

But since one of the nrimary pur~oses of using feedback is to improve .‘Li.nen'rity, we
shall axamine the compensatory influency of the loop on phase detector and VCO

nonlinsarities, using the Bode=Nichole' design &3 a typical loop configuration.

1. Significancs of Two-tons Detector and VCO Analysis: - In the para-

graphs below, consideracle space is given to two-tone analysis of the phase detector

md the V0O, It is our purposs to describe at this polnt the effects of the control |

loop upon the intsrmodulation spectra produced by the nonlinearities of the Detector
¥

In the litera.ire on nonlinear feedvack control theory serious daficincies
are chserved in the techniques for estimating performance in the presence of rmilii-

toned signals., Neither the describing finction techniq.e nor the msthod of Bu.str:

{Booton, R. D., "Analysis of Nonlinear Coniroi 3ystems with Random Inputs,’ ! .- :eaiings

“of the Nonlinear Circuit Analysis Symposium, April Ik, 1979 PF368-1392 . wn:ivu is

currently being adopt »d in the aralysis of phase locked locops is comp:ztely
satisfactory for computation of intermodulation between tones. The proolem faced
in the PIC - Phase Mxdulato. is complicated beyond the usual systems in that two

major nonlinearities are cascaded within the loop rather thi. ine usual sirgle non-
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iinsarity. As a consequence, a dirsct and sccurate computetion of the intermodulation
rezsurable in a two tone test is presently beyond the scope of mathamatical art, a
In iieu of a suitable mathem: ..cal design tocl for handling cascaded

nunlinearities {phase detector and VCO) in the rresence of two or more tones the

aoprozch ! aken herein has been tc compw e the intermodulation nreduced by the non-

linear detectpr as if it is operating independertly in an oven-loop dituatiorn. By

- the computations, it has bz2en shown that the vheése detector introduces odd order

spectra other than the desired comporents while the VCO introduces evzn order undesired

spectra., It is reasonabls therefore to assume that for unique tones, p and q, the
pawer in the undesired soectra produced in the ohase detector is not additive to

the pover in the undesired spectra produced by the VOO but is rather interleaved

according to the exact frequency of the significant cpectral lines,

To aid in interpreting the effact of the feedback loon in compensating
for the nomponent nonlirearities the quasi-iinear model o Fig. 2.1 is assumed. In
the diagram the intermodulation sources are assumed to be (foltage} signals additive
to the forward channel o® thz loon at the cutput of the phase Aetector and at the

input of the VCO, Since the nonlinearities in.olved are very small in the phass

modulation application, the nominal detector and VGO sensitivities (Kq and Kypg) are

]
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sufficiently equal to the effective gains thzt they zay be used with negligidble ,/( ;

lcss of accuracy.

The effect of tne respective intermodulation distortion sources may be

estabiished ganerally by considarati on of their inflzence upon the syatem error

signal wtich is V (t) in the cdiagrax. Fig. 3.1. W
bt

2 N Bl A Em

1. Effect of iocp op VOO Honlinea-ity: - Fr. the model of Fig. 3.1, the

#an

l voltage errcr Ve(t 1 (at the eysten null point is): p
E Kyco &4
. uS (Sfyt 1)
é(s) = 1+ Ky Eg.{3.1)
S (5., +1j3°
1 A{sfWr o+ ) ;
- % TR 5 JI.aa(8) Eg.3.2)
lu‘,)u Fom ’. L%J
—_ ~ 3
l Irom which
L
a - V? (s) ~ Ky . IVCO(S} £q.3.3)
li for 5 < w, and K, . This conclusion may also be visualized from.the
lg graphical representation of Fig. 3.2. The rewull is that VCO sensitivity may be
: ! traded for increased gain KA, and dynamic range of the driving amplif ier with a
’ significant improvemant of intermodulation.
:l;‘
ye — = -
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for example, an ovarall gain of KA = 3,16 in the.amplifier and filtes
combination sheuld provide 10 db of improvement which according to Table 5b (of
Section JI) would permit a VCO of 1% nonlisrearity with * 4 radians phase deviation.
Undésr such conditinmns tre maximum even-order intermoiulaticon is estimated to be
at a level of -44 db relative to the carkier. As a tentative objective an amplifier

gain of 10 is recommended, sroviding & literal margin for error in the assumed VCO

control characteristic and furthes degradation by the phase detector.

2. Effsct of loop on Phase [istector Nomlinearity:~ By a similar analysis
the estimate of the phase detector odd-order intermodulation sourcs, Ip d(S)

on the system error V, (S) is derived:
[

V6 - — L, 6

K’V’ Eq; (301&)

; / (&
Vg = At L® o

Comparison of Eqs. (3.2) and (3.5) indicate a significast difference in the

sffectiveness of the loop on phase detector sources of intermodulation as compered

-

to the VCO nonlinearity. Because ¢f the (s) term appearing in the numerator of

»

Eq. 3.5 the compensation is frequency sensitive, descreasing at a 6 db per octave .

%4
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rate as the frequency of the componants increase. The effect is 3llustrated

graphically by the asymptotic lines of Fig. 3.3.

At very high frequencies ( (p\ wa) no improvement whatsoever will be achieved.‘
In the refgion where (U "o a}‘ no more than 3 db of compensation is possible for
critically damped systems and as wuch as 6 db of actual degradation is possible for
upderdamped systems. To minimize further degradation the damping coefficient
should be controlled by choosing the corner frequencies ( [(,/ ) sufficiently large

compared to ,(é .

In determining the adzquacy of the sgystem reference is directed to the
unequal tone acalysis summarized in Table 4 below. There ¢ is a tone ifi the 0-500
KCS band and g is a tone in the 500 KC8® to 1.5 MCS band, with deviations at the |
output of 3 and 1 radians respsctively. The highest intermodulation pcroduct or

harmonic of ¥ a principal tone should be about 56 db below the lowest tone (which

is g in this case) after ths full effect of the loop is considered.

Assuming a loop bandwidth of about 1.5 mcs littie or no compensati on can be
expected at the top of the band (1.5 mce). Since p may be chosen at 500 kcs then

ite thirc harmonic 3 p = 1.5 mes would appear at the cutput without compensation.

If at the same time q Ls chosen at 1.5 mes then p + 2 g occurs at 3.3 mes and q +2p

— il T il D aren " o M iy
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In the analysis, the phase detector is assumed to be driven b; perfect
signals, one from a reference oscillator (VR>5 and ~ne (VM).which represents an
ideal two tone phase modulated signal. In this anaiysis the two tones are
assumed to have equal levels causing & total peak deviation of + 4 radians, The
detector is of the product or siruscidal type.

After expansion of the product, collection, and evaluation of the various
Pessel coefficients, the harwonics and intermodulatign frequencies related to the
two tones, pand a, are calculated. These calculations are sumarized in Taeble 1

giving the level of each frequency term relative tothe principal tones, p and .

from the calculations one must conclude: (a) in the transmitter, the use

of direct feedback from the 5C.macs output to a phase detector of thé sinusoidal

'

characteristic type does not furnish a practical solution, and (b) in the receiver,

assuming a perfect phase modulated wave is received, nevertheless, tremendous distortion
and intermodulation will be present at the modulatipn output. When one comsiders
the range of values permissible for the tones p and q, even further distortion

will exist in the baseband (or demodulated) spectrum dus to the foldover of those

.
Bl o -
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TABLE 1

£t

Two _(Equal) Tone Analysis - Sinuscidal Phase Detector at Peak Deviation of + L Radians

¥requency Terms

Level Relrahi_ve to Tones, p and q

—

B

p q 0 db :
ﬁp 3a -13
5p >q -38.1
7p 7q -70.5
p+2q qt2p +,,0
p i bq q : bp ' -16.1
ptéq q i 6p ~L5.4
P& g+ 8o ~5h5
3p 429 3q : 2p -5.0
3p I 4q 3q + Ap -29.5
3p & 6&q 3q T én -58.,5
3p + 8y 3q *+ @p -67.5
5p t 2q 5q.+ 2p ~34.2
op T 4q oq L Ap =5h.5
50 1 6q 5q 1 bp -6l
5p + &g 5q 2 8p -72.8
S g 79 1 2 ~69.5
= y - — "
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intsrmodulation terms which anpear al negative frequencies. Cf;;?

Thus, in the transmitler the vhase d=viation of the cutrut signal {in the

feedback branch to the r~hase detestor of

actionr of a freyuency countdowi. divider,

faithful simulatior of TPIF ooubirient i:

the modulator) must be compressed bty the

with raspect to the recelver, since a

3
erphaticaliy muvecified, one must recognize

T

/ ' 3 3 3
that & 4 radian phase deviabion over a + lhj2 degree sinusoidal ~hase detector

must necessarily result in large inte-mcdulation preducts.

b. Phase Detector - Sine “haracter

_4:‘

isbic with 1 Racgian Deviation: - For

reasons set forth below a fasdback frequency divider of ratio of 4 to 1 is

selected which wouid ideally requi-e the rhase detector of the tranemitter 4o

operate at a peak deviat:ion of ure radian. Fo:r this condition an analysis was made

for the application of two egusl tor.esz,

and 3, to the proauct detector. The

significant harmonic and inlermodulsztion freguencies arising as a result of the

detector nonlinearity sru summarized in Table 2.

3y

Compared to ths resuits obtainea lor 4 radian neak deviation, the tabulation

indicates a large reduction in the level of harmonic and intermodulation frequencies,

The convergence is very rapid, yet the third harmonic and third order intermodulatioca

levels are higher than the fidelity speci{ication would permic, It will be shown

in a later worksheet that,for distertion created at the phase detectog,the feedback

loop will tend to compensate rejacting the undesired frequency components by the

"
- :
v > *
i
. ] — . mee e me e S ou
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TABLE 2

Two (Equal) Tone Analysis - Sinuspids Phase Deiector at Peak Deviation of + 1 Radian

Frequency Terms

Level Ralative to Tones, p and g

P q 0 db
3;; 3q -39.5
p ¥2g qt2p -28.8
ptaq Q% hp ~72.5
3pt2q 3+ 2 -68.2
Btk 3q * 4p —_
v {
. S ’
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inverse of the equivalent open-loop gain. The compensation is, therefore, {requency (5; /
aans-itiVe and reduces tb unity in the regicn near the loop bandwidth. To provide
sufficient loop gain to rsduc; the third order terms to less than 46 db below the
modulated carrier would require axcessive loop bmdﬁdth. H‘ence, the product

detector operating at signal phase deviations of 1 radian cannot bs recommended

because of the nonlinearity of the sine characteristics. .

¢, Phase Detector - Linearized + / Radians with i 1 Radian Deviation: - In-

order tc meet the fideiity requirements, a phase detsctor 'of the linsarized or saw-
tooth type ;s recommended., Fliminating auxiliary frequency dividers and considering
t.'he basic detector above the maximum nominal linearity is assumed to be limited to \
phase error angle® of less than + ;‘T/radians, The linearity of the detector saw-
tooth chnractf:rist.ic is @aessed by a nower series giving the output, v, as a
ﬁmct.ton of the phase error, 98

V=& 0 *+ap &3

e e.

If the characteristic is an odd function, i.e., v (9g ) = -v («Qe } then all even

v ag 9; LT Ap Qén“l £q. 13.6)

powers of o e will bz abseut and only odd order harmonic and intermodulation
products will bé present in the detector cutput, Ir the computations, the first

two terms of the nower series are assumed significant. Again a two torne analysis

is performed to estimate the degres of nonlinearity permissible. To avoid confusion

6>
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with feeddaak loop performance,the dete.ior is exymined in an opmn loop condition %
with a pe'fec.t relsrance signal and «n ideal two tone phase modulated eignal as
_;m;mt‘s;

Gensral equations are written for computing the frequency svectrum in Herms
of the doﬁction De s 4nd tonss p and q. The degrees of nonlinsarity is expssseed

by the factor M which is the percemtage of droop of the output voltage frem linearity

-

. as measured at the limits of the sawtooth range (+ //). With equal tones end a

" peak pm. deviational + 1 radian the third order harmonic and intermodulation

¥ products are &3 given in Table 3 for 1, 5, and 10% nonlinearities.
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A, Phass vetecior - Linea-itet s /2 vraians with .6 1 radian deviations -

P i o e - e, PO A SO

The snalysis discuavel tn 0] “amedisie)y was sxtznde: {7y a simplifisd
detector of lins fosed Boalo6is P o8 over M 7"/” radisns phasa mrror.
As might he =zapesicd "¢ lne 3s:e ezl devialion of + 1 .#tian and with
comparacie nonlipaariiles ine intemasiulation i3 correspopdingly worse,

The computati -ns fur Mmel Tones w5 ~mmarized almo in his 3,

e. FPhase Datectar - Linsagiewsc with devistien by wwe unejqual toness-

For simultanecus napor-zagenis abano mxiulation, levels {ar a tw¥o-tone

1

$os% are to be Welghiae mavoralug 1o the alagram in Tigure 1.2 where the
tons upt 1x confined to frejer oive from de 1o 500 kes and g is con-
fined to fremvancia® bstwesn 77 ko2 ama 1,5 KOS, In order to finalize
objeciiyea for thw phss& detecior roqulrsd 4 tha modulaior, congidecation
of the unagual levels is rsimired. a9 apen-lcop computetions of the de-
detector performance nave tnerefore heen repasisd for unegual tonea Wpt
and-"q“ In a3 to 1 radis, Thy reeulic are summarized in Table L with
redative levcis giwen in U2 wiin ceapeni to both tones "p* and "g". For

purpuseas of specAfylny pnoas doteatos llresrity the narmonica and inter-

modulation terma should be coutsras to Lie lowest level tone -"gh, in

=
)

this case, For example, uiing 3 sawhkcath dotector of range :Tradians. a
5% limearity in the cpan locp sitiwailen produces third Larmonics of the
the tome "p* which are only 3.4 4L below tha desired tous "Q', Should
fp" be selected near SO0 Ko thei P p will cceur near 1,5 mes. This is

the top of the bund where the losp gainm  ‘approaches uniiy {more or

less) depending upon the equivelen’ pain and exact loop bamwidth,
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Because the power series for the detector mey #lio require a small

. s
contribution from the 3rd term ( 9, % }, and bscause further distor-

tion will anter due to the imperfections of the VGO control, 1t is

Nl s

recommnded that as a design objactive a linearized phase detector of

range ¢ 7 radians and a linearity of 5% or better shall be required.
f, VOO livearity requiremsnt: -In sddition to the phass detector non-

“lirearity the designar of a widedand phaao-olodt;ed- phase modulator must

\ A amartncna
. e

gg also allow for inherent nonlinearity -f ths VCO. Here again the two

! . - _ tono analyaia is a useful tool for preliminary estimation of the linearity
i’ o required.

, : N ‘ __&gmta &xpporting a Two-Tons Anaiysis of V3O linearitys - It is general
g : - Jnowledge that a VCO has am sutput frequency avout its normal value which
’, is. 2 functiom of the applisd signal, Ideally the frequency shift should

‘ . be directly proportiomal, i.e., & linear function of applied woltfage, But
}i B V the nrasmire of the coptrol circuit 1s inherently nonlinear. The Vd) may
‘ ' rbe bi;asod into & Mmited operating range, i A.; s whorcin the frequency .
f; o S ahiftig.goin aven order function of the control voltage. Oraphically, w

N o

- "/QO Ceureor Chavagder st

FIGWURE 3.4
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™e characteristic shown in ‘Figuras 3.4 applies to ths VCO as a / é

component element stenilng alcne 3t is the transfer function for the

component in sn opeu loup et ruraiicon

v
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As shoin in the dlagram cf Flgura 3.5, K ie the sensitivity which is
nonlinear with the applisl voltage, v. As the applind voltage becomes a
dmanic fanction of time !4 13 rbwicus that the VOO 1a inhare}ntly a- )
_!i'é‘quency moduiation device.

When usad as 2 component in & phase-locked loop the ouiput sigual of
the VOO is forceti to cumply wiik phise variationn‘of a referencr signal
or other driving function. FPoi exampls, in ‘he phase modulator application
under investigation, the cutpui is phese moduliated aczox;ding to variations

of a low pass specinuz, V, I» nisplast form, we have.
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FIGUHE 3 .6
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In this simple cese; RO LS I

$5) K )

Equation {3.7)

Ope will observe thay pau L. imv»sisgtion of two tone intermodu~

lation for & phase padilaisn rutpe? are no lugleally psrfommed.
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In the opan loop Ap.re 7.7 ihe VU !s ryes runtdng end with respect to
tha moaulating sim). 2. the rondtvione in o low pasa frejuency ‘bamd are

canaot cotain the desired funciion
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the cume a3 in Plgures L. aod
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317y @ Trequency modulstor.

Cyha wiiwet o Y00 accligsarity io a phase-locked

gl t. il te ks closed leop, but with & modi-

fied bloak diagrss, Figare 3.9,
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In this diagram the loop is closed by a perfect (or model) VCO placed
in the feeadback path whiles the nonlinear VCO is in an output branch
outside the loop. The model VCO has the sams nominal senaitivity as
the physical unit under study, The block diagram is squivelent to the

basic model of Figure 3.6 as can be shown by writing the transfer function.

ap - Kb ’ |
M Ko ) S Equetien (3,8)
6(5) /Ko
Since K /X (v) == 1, we may say,
po o o
v / * =
ai) K, as before. We now have

a perfect phase-locked loop cascaded with a drift-free but nonlineay VOO,

The transfer function of the perfect phase locked loop may be substitutad

. S
_,?; ©) = T/—_ T T g I Bquation (3.9)
v ‘e / — *
G Ko
‘/Z. S - ‘.
or — S—— - - . L4 ’ "
B = EmL i SR ju,,

" The xodel loop in Figure 3.8 ia therefore a simple perfect diti‘orent&ia‘t;-

or of sensitivity f,— « The block diagram may be further reduced to

[

Ferfoct Physical
Differentiator Voo
v < Va y %t ) A &
e e S ———— pr—
A Y
FIGURE 3.9

TR e e R o Ty



From this the ocombined circuit is simply

y aé
FIGURE 3.10
viere Kg) = -&K—(—Y)— . This analysis confirms the obvious
<
~ ' o conclusion that if PM is dssired vhen

using a frequency modulator them a

6 db per octave pre-emphasis is re-

(V)
quired.
\

FIGURE 3.1}

e ccnclusion to be diawn from this argument is that for the com-
binaticn of a physical VCO, having nonlinearity, togetner with an other-
wise perfect phase-locked loop,a two-tone anslysis of intermodulation is
yalid. Parthermore the analysis is valid where the combined characteristic
is®wken as in Figure 3.1, The nonlinearity of the output phase va. control

voltage of the combined circuit is due to the nonlinearity of the VOO above,

With sppropriate scals faciors the 4 ¥ ordinate of Figure 3.4 may be changed

to 48 4n Figune 3.11 reflecting the desired cperation.
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The two-tone analygis approsch is the same ag nge” above for the

—3
<
X
-

|

linearized phase detector, However, the error (devliation from linearity)

of the control characteristic as il1lustrated in Figure 3.11 above, is omsumed to

ba an even function of the moduleting voltage, v, when viewed about the
nominal operation point. As a consequence 1t may be expected that even

order harmonics and intermodulation products will predominate, This is

shown to be true by the computaticons below, where iu is assumed that &

square law characteristic exists, For convenience in making the computa-

tions, one may estimate the open loop phase modulation dus to two
equal tones assuming & translation in frequenéy from thse SO'mcs carrier
to de,

A rigorous analysis for two-tone phase modulation of a nonlinear
deviable oscillator at its carrier {roguency proved to be too laborious
for hand computation, Anelysis of idesl two-bone modulations can be
found in the literabture, bub this writar has been unatle tb discover

succasaful rigorous analysis of the nonlinear case, The resulte of our

o e e b
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.4&“ w20 101‘;1‘\) ..::.,.

Tone p

Equation (3.11)
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The oscillator output is

—

\((t’) = /A Cog z‘w’@.*’:‘ r AE -vr-&')‘i (3.:2)
3

By substitution and grouping we rLave

~ 3
\ T i )<'V"’2(t> :’,‘ '
4+ —:: d ’ ‘ { — »” N\ 4 N :_) '
\/(,) AC“$§ ;‘_wot K'\/‘t /\/‘Tf ‘f (/ l}
[ N e - e e " hd
Expanding trigncm trically Lesired /1.4}:j.=tr'

-
i ;

V&) = 4 aoc(ient K 25 cog '<%rr“’ <sinlio,t Kot 5.0 Ky

it M2 KT, then MY

‘Y’t)—’- @0’(,&')“ L*':Qe K’V s { [ w Kv—“-")

l

Yib - ars (uy t- K 0y

ﬁVLSm ﬁt¢73mff5,nft‘$3u ."(151”(“‘"1_ I(v(*)(; '

. from which

—t v — o —

I/W - 90 o3 Kv:~90/03/0-,{-/) 3"90/¢3 j(v ‘ {%,Iﬁf
AALRIER M /0

But } Ag / = KV =z 2 , for two-egual tones and
’ g i .
a peak deviation of + L radians _e = is 6 DB lower
- ’e Cape £
LA i
(poorer) than ;:;—'/': y therefore, the carrier level must be 6 DB

below the principal tones,
On the basis of this estimate it is now possiblé to reconstruct the

tabulation of frequeucy components as has been cone in (b) of table 5,

7w B v e b e ardte
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Examination of Table S(b) implies that a loop design having all the gain

in $he VCO (therefore having no loop ccmpeﬁsation) VCO linearity of ths

order of onehalf percent should te adequate. Further discussion of the
rcbatle comcensatory effect of the phase-iock,d Tfeedback loop on nonlinearity
at the YCC is presented Lelow to show that VOO linearity may be relaxsd.

C. Effsct of Transportat:on lLag:

The transportati~n tag (or time delay) due to non-minimwr phase
relationsuaps withir the fesdback loop is the ultimate limiting factor
on the psmmissible stable bandwidth of the feedback loop, The effact
- 57
is expresczed by the unii vectors { 2 ) as shown in Fipure 3,12
which represents the preliminary design using the Bode-Nichol's pro-edurs,
Delays occur in both the feedforward and feedback channels of the locp.

For the phase modulator it is estimted that the time delays are
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In the neighborhcod of unity gain the offe.% cf transportation lag on

loop stability as expressed in te:ms of phase margin is calculablis by

; 7 _ 5 w, — =\
&m = 'f“‘i" ~  Jrec ';‘an __if_ ___.(¢7_j LUC( 11 4 /z Eq {3.17)
: i

|
!

A W, ¢7~ S N A SR B C i8S 7 pedians

= N ole

o

ree £

The desired phase margin is therefore reduced by 11 dezrecs which wowld
slightly alter the relative stebility of the locy., iowever if the
loop bandwidth ‘dc were increased by an octave the tiansport lag
would become .seriovs , requiring an upward adjustment of the f{ilter.
and V(?O corner freguenciss at 'ﬂ'l for comparable stability margins.
On the Nichol'a chart of Vigure 2,2 the dashed curve was drawn

to account for the adaitional phase accumulation due to the lag terms,
1t may be sesn that transport lag causes a bangency to a higher
constant amplitude contour, Ahence the peaking of the freque;ncy response
at tiie top of the modulab’ion band increases. Figure 2,2 suggesta that
axcessive peaking of tha freguenucy response in the presence of trans-
portzticu lag may be avoided by a simple reducticn of open loop gain

(with a corregponding decrease of loop bandwidtn). Should such gain

LN



adjustment be reca red the possitiiity exishs that some conmpensation
external to the loop n:y "¢ sezess.ry ln ooder 4o achieve the desired

overal) tandwicth.

From Zquation (3,16) it is noumd that phase due bo tranaport

lag is direcily proportional to frequency, therefors this factor does
lg not contribute to variztions in croup delay.
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Al Implexentation of Circuits + 7
The Locked oscillator Phase Modulator block diagram is repeated. '
1 '
in tigure4 B, B,
R, ’?z
P K.
N\ WAy
/Zv'a’Mc —— e o C
R inez [ |
——3—-—)1 M ‘; L AMNAA—- ,m Feo F—Vco >
i ] ;\; 4. /

- . '
[ 4

FIGURE 4.1 lLocked Oscillator Phase Modulator
The circuis parameters are listved as follows:

) Inop Amplifier

m . i-ap amplifier provides a convaalent sumaing polat i3 Lal. - .ue

wodulating sienale Bv] and B2 at relative levela indicated ir Figure h.2.

}4 .0 oo m—————t EO/BVZ
3.0
jal .
2 .0
L
1.0 :' Fo/avl
ne 0.5 MC 1.5 MC

L at
FIGURE 4.2 Modulating Signal Levels
Ideally, the saplifier amplitude response shall not contribute to

the allowed + 0.1 db droop at 0.5 MC and + 0.5 db droop at 1.5 MC. Aside
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from providing a means of summing the modulating eignals, the loop
amplifier must provide a forward loop gain of 10,

™o anplti’:iora were considered. The Fhilbrick SP-456 (the chopper
ptabilized version (f the Philbrick P-L5) ari an existing Westinghouse
design., Both amplifisrs have essentially the same characteristics (the
Westinghouse amplifisr is not chopper stabilized); namely, a closed loop
) db bandwidth of 15 MC at unity gain.

As the closed loop gair 1is increased, the 3 db b;ndwidth decreases
at a rate of 6 db per octave, _Tbe voliage transfer of %%2 shall be
mines unity and tne transfer g%l mirus ore fourth, The minimum 2 db
bandwidth in both cames 13 15 MC, Tae amplitwde drcop at Q.5 and 1.5
MC is 0,000,434 db and 0,0536 db respectively as expressed by equaticn

ha

\
K=

1
Yo 1 +(’f/f3mz )2 (L )

The amgldfier droop contribution to Bv1 and v, is neglected.

The Phiibrick smplifier 3 db banxiwidth at a closed loop gain of 10
is 1.5 MC. The Westinghouss amplifier closed loop unity gain 3 db band~
width can be extended to 50 MC with modification. The 3 db bandwidth
at a closed loop gain of 10 is S);IC. The designer may choose to uge the

loop amplifier pole as & portion of the overall loop

——

il
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amplifisr loop forvard gain input. The latter cholce is more attractive,.

tranafer function or canosl the pole with a lsad-lag network at the

Refer 'to‘ figure 4.3 R2

BN';_F b e ANAAN ey Ri
SOVYL e AN g
: R4 _ .
AN L]
Rs '
FIGURE 4.3 Loop Amplifier Compansation
‘The transfers are listed as followss
g—o-.' = ﬁ
fo . 1
Bayz R2 : o (be3)
Ee . Ri 1+s(e4+fs)c]=, R1 £, .
¥ R& L1+8Rs ¢ 2 . by
L/ = -l'f's/W]_ -,-—}—-- .—,_.1;'_.... SR
AR v T T
ot ¥ = 27 X 1.5X30%C rad/sec (4.6)
C o letW, 2w x 15 x 10* rai/sec (L.7)

Figure L.L indicates the compensated amplifier response, The Philbrick

SP-li56 operational amplifier is suitable for this application,
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2. Voltage Controlled Oscillator

Karco
The V0O contribution to the loop transfer function 13.56}&)«;1).

The corner Wl is related to the VCO frequency and Q as irdicated by equation
(Le9),
Bow. = To (4.8)
Q

W, = ?.5!.: ‘ '(h_w9)

There are two cholices available for the application of Wl to the overall
loop tranafer function. The cormer W1 can be made one of the principal
contributors to the leop transfer function or wl can be maue intentionally
large such that its influence is ignored, A computer investigation of the
closed loop peaking (3 pole Butierworth) contributed by Hl as a function of
its relationship to the closed loop cut off fréquency, W, indicates the
followings Wy Z 5 W, 0.74-db peaking¥y ¥ 10W_ 0.34db peaking.

+6

The case wl Z 0 wc wae investigated, ILet wc be 2.5 21w x .10

rad/sec ( a typircal cut off frequency as outlined earlier in this report),

W. bacomes 25 X 2% X.10’6

1 rad/aec.

If 'the VOO center frequancy is sslected as SO MC tne oscillator Q ia
one. If the VCO ocenter frequency is selectad as 450 MC an oscillator Q of
10 will yield wl 88 22,5 x 2T« 13‘6 rad/sac, The latter casa is considered.
The specifiec 50 MC phase deviated carrier is derived by down converting
the L50 MC with LOO MC in a balanced strip line mixer. The diagram of this
system i indicated in figure L.5. The 2.5 MC and LOU MC are derived

from the 1 MC Transmitter Frequency Standird,
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FIGURE L.5

Simplified Diagram of Fhase
Modulator, LS50 MC VGO

. This systea uss the following advantages:

a) & realizable oscillator @ b) Swmall percentags deviation

of the VCO and greeter linearlty.
vCO frequency drift in the unlocked mode b) Mixer Spurious cox'xtri.b\ations.

A refinemunt of this system is shown in figure L.6.
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™- disadvantages include: &) Increased

Flgure L.6

> ¢

Simplified Dizgram Phase Modulator,
Push-Pull Oscillstors

The two voltags controlled oscillators are driven push-pull, If

. the irensfer of :pﬂ" of the two osciliators track, the non linsarities

of.?i‘,

€

n

canoce). Farther, the total deviatioun of each oseillator is

¥

Eo

g

(n =¥



R

" - coe SIS the total. The dowm conversiom has 2o irflwemce on the devistion.
{ : o ‘The oscillator 40;&@ is straignt forvard, A basic design sxists -
‘” ' ; that h act cnt_.ln].y suitabls for this jroject but at least provides a
iy . background,

’l o . Briefly, the oaciﬁator dasign is hﬁad oa the rowg con-

' " slderations. The trensistor medel is considersd a two port deviea a3

;' . ] - shown in ﬂg‘nrﬂ .7,

oL e L o+
Toe T e. ' =
n - - ———] b
} .

Rgure: L.7 2 Port Netvork
*1 ;l . -‘(‘:I Ed —?“ e, * ?12 etA ’ (r&-IO).

. .11
Az T ?z,e, f;zzez ,(h )

. -~ & transistor comnected in cowpon base and its squivalent two port
‘mdel 1s indicatsd in figure 1.8,

S A

Ve s omdoslin T
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Figare L.B
Port Model

The input admittance Yg w is:

- - > z} - :
.Y‘N - ﬁ“ M = G [ *JB;"

72 A (4.12)

It s sbvious that 1f 2@ 2 4, such that G N (real
r

. 22+ Y (1)
part of Tw ) is negative the device is potentially unsteble, Bahrs

! m 0=
bas shown that G = -5—: (;u;n - —é-(h{.civhem m/ 6 T Prie

Consider the case wimre the two port cperates belwesn a load and generator

such that CA : ; 1 +Gs aand GB‘-;n +C; . The condition for potential

inutability 48 G4 Gp é M/2 (1 + cos @), In a practical manner this

means that if the source and load conductance, hs and GL sre iarge, one

condition for instability is flfilled. Firther, if the sum of the angles

of (# # ¥ )Yw ), equation3, exceed the angls of Mn 7&}“&0

(l) "Anplificrs Employlng Potentially Unstabls Units®, By George Bahrs,
Doctors Thesis, Stanford University, 1956.
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aecond condition exists for insia'ilisy; nangly, the prorer phase ree-

lationship betwesn output and irsput, Trzrelore, 37 She Lrarnstsu.r source

and load have lar:se sondiciance and oroper sascepbinces the device is

unstable, The comnection in famire 4,9 7511ls theae requirements,

- Figure Le¥  Pecz “scillstor Circuit

A transistor escillator aas 2¢si-ned Lazed . theae considerasion

" for a pravioas task, The collector tunwi cireult was a guarter wave

shorted line encliossd in a eavitry. The lime, length was made var-iable

by an adjustatle shorting bar, The oscillator is tunable over the band
300-550 HC. The oscillator war made electronically tunable (VC3D), aside
from the mechanical tuning, by comuscting 2 varicap across the Quaster
wave line. The outpubs are taiten rrom ins cavsily by adjustoble capacitive
probes, The output nower is a funclion of emitter curvreni. A coaxial
"detactor ﬁag arranged bto measure the osrillator powe. and an AGC svatem
used to maintain the power cons.ani apuinsy {-ejnuency variations, Figure

I3 .

L0  is the circui% diapram, Fipure L.31  and 4,12 indicate

{ . )
typicel charactarisiing of L /E" anc "/ . . The
N g ! emither
{"/ E. v transfer shown in figu-- indic-tes the characteristic

at the high frequency end of the tand (ZUC NI); hewaver, the same general

" shane of the transfor cirve is applicatle at 407 and 490 Mo,

o——



-~

T AW R e -

o TR L Py

P <

PN e B TS T

St OGN

ol avh

TRl RO A e T

AL L D,

-

g2 S

Te

[~ TRy %4
PRTTLIN

© R . . .
' = . - f.'\’,‘é(' l__,;

CieLuT Dk 'Vflf*\!‘__\ : }7

'[\
{
f
i
!

RFC

'Icw

19,

\OH

&

o ‘
t
Tl —
T '23 — LGe
Tz L
- .

2
) !
o :.\J-c_
- ‘\ hE/MEMS ¢, 4
VaRiCaP NOLTAGR Y
~ Liag .
Fleuke . 10
TonpRLe NCO Q«m ssomc) and A GC /Saaﬁ/a\na/
. . ‘.‘ l' . — .\"*‘ . . ‘
h‘rﬁ ‘ ' - 1) T
A 1 L . - oo - -”TT;;‘.\ (353 _\:,...4 e ‘:4,‘;_?’12;{@\ s et .




,“..u.-\

g

';\“}

CoRMe LT

WESTINGHROUSE

LECTRIC

I

:
3
2

S OUT PV

- v_‘l
~

[

ek - o o

.

RN

TS

~1§ vo

S
e} s g e

e i e T T G N

EAGURS

e

»
-

T T

R LY S VUi

5
- —— - p———

P s PP A

s e Gpragh o

i

)

Sl s —— -
I

vy ey

NATURE

a

8!

»-

3
3
H
i

S

;
J
m

b
/

%




- —— —— - —— = ot &

[ 3 (ﬁ!
b ;
e
RIS - AN : :
L - . _. i T "4.0“.--.,.._., - . o it
T n Wi T .
[ v, ) -
b T | RN - .
o i
] .. S .. . i ' >4~I y M t Ky
i SR R S T
r< oo Cm , 3 ' e b i .% e 0
5 < _ SF¥ ko A !
- (] . ~ . g
on - - . L. K - 0O 5 Pl
3 & . i . : R
- : < g . S i . ;
. - > 3 oo - :
! ' 2 . 27
_ - 5 o . 0 M. Y i ;
SR z P " ) al U p
o : ¥ o 2! L _\u
; NN Lo et . c 7
‘ >4 - N H NS 7} .
T CD % J wi . Doy
i. . N . Ao o\m. L . a
: : W ae s P ﬁ
g E Wy $
L - ; .
v B L~ .M [ . 3
e &Ly Lt < OE N
i i woo ez .
. i e
. o
CJ
w S =
TR . )
i (o ;
e A - - ;
/ o) ] L0 . ’
P oL VY LANEnDAwd L.
— e —— e 5 2 g b4 oo o e b s S s ol s S SRt + = maf 41 seee s eas s - v ——— ey .

- v axl o Vv

R e




30 Bnlanead Mixer

The pusb~pull VOO investigation includes the followlng mixer con-

siderations. A stripline balenced mixer design sxists from a previous

task. The unit is not suitable for this project bud the basie spproach

ip appliosble,

The miyxer configuration conalsts of a microwave phasing structure

4 and tuwo matohed diodes. The phasing structurs is a folded stripline

hybrid ring. A simplified diagram is showa ia figure- 4,13,
The stripline dimensions are ent for branch cdrcuit

" impedancea of 50 (Y apd ring impedanes of Vo 7.n..

£ moemmtar 0o 1

[ Mare. :f;cj l S50 ma

. ! S7% 2 1 SHoR T  ceviri De
Refoeee. - ﬂ}—“ ) . . Mo
Fapur & / -t - verr——

' ' -t
e {oo-
)x 425me.
S H y b
qu

~. 3 - :—" -
4 [’ CRYST.
. — Dgivé
A B I

. ) : /V/a;zg\;/y/ P B ane =
n 7
s Oo—-l
S5 a L Sk S#ce 7 !
Inpur @ - e O =
IF
In putm
Flgure 4,13 Simplified Stripline
Balanced Mixer
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b Feadback Divider

-

The feedbeck aiviiar converts she 50 me &t the V00 outpub te
17.5 me au the phase debectir inpiws, The 83 me prase deviztion is
C)mnrtsse& from + i radians bo r - radian, The divider parameters of
intereat ine) xve: 1) Yerimmm top-lo sueed 2) Delay, finary division
at & TO me tocgle freque.ny Wan Lsyond how state of the art unbil ree-
centiy, Tn the past year weatingh-use has developed basic thin file digital
packages with maximam “opgle [requency in the 5040 me regisn.  Hecent

development of transisiops with -5 n rardeidth products of 2,7 kme exbends

-

the forecast to. . le spaad to 1'¥ me, Froienbly Hle hzher frequency

[

transist s have not heen f cormaratad irn tle desirns, The test data

s
PRPE. by i

RN i v Y,

L D T Ty

TSR R RS TOREE

T e T e

of the present “hin {37 unitz includa:

1.0 Plip Tioo

1.1 Per Stage “ropogation Delay -- 4 navoseceonds
{averase »f the set and rese’ outuut delays)

1.2 Maximum Tozde opeed wmemwme H0 M0

2.0 Stroks ate (Ki0T)

¢l Propapation Delay ee—me- -

3. nonoseconds

2,2 aximu Jating irogueny --—-w-= (0, me

3.0 Squaring ecircuit
3.1 Proogpation Lolay wemeeve-
3.2 Maximan Sguarine Fregquency

The fesdback divider will consist of

arranged &s a parallal-clocked birary counter as indicated in fieure LelS

% nanogeconds

———ea 60 me

a squarer and two flip flops
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Fr-2 _ DevecroZ
Y Cescr F— '
; Plgm'e- 8.1  Simplified Diagram of Feedback Tdvider.. - R
: ~ The Yime delay as 1ruiic:.:t-ed is 16.5 nanoseconds but the parpllsle - .-
clocking effactively elimirates the delay of FF-1, thus reducing the delsy -
- %o 12_.5 ‘nanosecords, The foracast time delay of the sys&.:mrwith the ‘ B
’ .ktest- transistors is 10 manoseconds serial. 7 nicroséconﬂs ;.irpl’iel-‘--': ' .
-c-;loz;ked.', . | o |
S. Phase Delector - - T} L
< The phase cetector out:iut mist be a voltace which is a linear i
! fumf,ion of the phase of the feediack divide'r cutpat rclative to the -
g reference clock,. ’ '
\ The maximum phase deviation at the 0 me cerrier fraqzmgnéy«is * \)'.‘ :
] fadi;_aﬁs. The aquivalon}mxj,mm phase deviation at the divider out,pui;
» - is 1 redis~. The phase det.e_chor linearity requiremen%s, referencsd
. - to earliar in this report, apply to ths region’of + 1 radian, )
' Three phase detector ccmrigurat.iom have been considertd 1) Mip
Flop Sawtooth Phase Comparator 2) Modulo Two Adder Jor:-elator 3) Eirly-__‘
; late Gate Corvelator,
oy
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a, Flip Tlop 3awtooth Fhase “omparator
Thi« “hase De.3ctor is simplr 2 Ressi-3et {2-5) lin Flop -

foiiowed by a low pass filter, ‘he low pass fiiter in ihis case ig th

tis systern and the tiaing diagram

Joop filter, A simplified diagram »f t
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Figure L.17 Block Diagram and Timiny .iagram of Sawtootn
Phage Comparator
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The ideal phase comparator characteristic is shown in figure L.18.

«.,..ﬂ.,....ﬂ,
L~ N B R
- +R .
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r———
1

Figure- ),18 Ideal Sawtooth Conparator Charazteristic

‘ -vihl

The ideal linear range extends from =TT io + 17 + The linearity

of the saw is a funct.on of the flip fiop output waveSform, The rise and

T

fall times of the flip flop output case the peaks of the sawtooih to be

rounced and the pulse drpop determines the ramp linearity., If a 2%

linear ramp is requi-ed over the region + 1 raiian, %the droop in the £f1i
54 r ) P .

flop square wave must e 25 or less over trhe same portisn of the wave foim,
The thin film flip flop referenced to earlier (maximum toggle speed 60 me)
can be forced to clamp in 5 nanoseconds after a set or rese’ oulse, The
existing flip flop desiy: is used in stroke logic ani the waveform *s not

clamped at the positive level, The flip flop waveform droop is estitlished

by the clamp. The fo.-.cast thin film flip flop clamped wavelorm i3 shown

.’" in fig‘.lre .hg19.
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Figure }4,.19 Thin 7ilm Tlip lop Clamped waveform

This form of the phase detector contributes a 5 nanoseconds delay.
The ramp extends from -TT to +7Tv . The phaze mmba;'at.or zain, Km,
is [ixed by the pulse amplitude and the ramp linearity is established by

the clamp accuracy.

b, Early-Late-~Gate Phase Detector

The btlock diagram of the Zarly-late-Tate circuit is shown in

figure L.20,
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Figure L.20 Simplified Plwck Diagram, Zarly-Late-

Gate Phase Detector

The timing diagcam is shown in figure -L.21.
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Figure L.21  Timing Diagram of Barly-late-Gate Phase
' Netactar v
The system lngic is as foliows. The 12.5 mc reference enables
an early-gate and late-gate as siatwn, IU the loop static vhase error
is zero, the binary input ~ulse from the divideris centored and half
the pulse nnergy falls within the early-gate and half in the late~gate,
The late gate output is inverted and summed with tha early-gate outiut, i
a2
8
¢ 8
i wwl%




For zsro static phase error the surmer output i3 zero. If the VCO phase
. (4 -

. , advancés?fith respect to the reforence ph'a:e, the system wavefcrms change

= - d --as i'nd:‘.cajbéd iu figure. 4,21, If the VCO phase is retardsd‘witk respect ,

| to the rgfsrepco; phaso the imve.ss process occurs, The summer cutpub

7 j.f " is the correimtion functicn of ths reforence andAbinarj pulse, - ldeally,

o~ o 'A:‘tn‘is' pﬁaae: detsctor ia lirear 5ver the rggion ._,'ajL ‘o -1;, }-E : ._
- ‘The a@i@ional {approxizntely 10 nancseconds) inop tine delay 1; attributaed

to the early-gaie late-gate and irverter., The linearity ol the phase.

,‘,Z 7.7 detector charsctoristic is dstermined by the droog in t}he‘ gate output

. wave Torme. - N 1 -
& .,-4 Ge - Modulo-Two Adder Phase Detector
= "o - o The third form of the phase deteclor considsred consists of e
%o positive and negstive Modulo Twe Adder (Exclusive O Jate) whose outputs

are summed., The simplified diazram ot ih:is syutem iy showa in figure

k.22, < . o
) ExccuSioe O CATES

el /“ ’ 4
# AN .
rw-v-mmw—qu‘ "”—«.:‘M -.—'---.._,1
! . n oo
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Figure [,22 Simplified Dlagrmn of Mod, 2 Add-r Mhase
Detechor
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Figare h.23 Autocorrelation of Modulo Two Adder

The linearity of the ramp siown is determined by the gate outpul
waveforms, The ldeal linear region extends from + '172 to - 2- .

The delay of the gateg &nd inve:ter is anvroximately 10 nancseconds,
r © -

¢..,  Concluslon
The p'rir'lcibal phase detectsr parame ers include 1) Linearity

over;t.he rezion + 1 ;‘adian. 2) Nelay 3) Simplicity &) i2.% Mc/fs re-
jec%‘ic;n; The typ@ of phase comparator that appears Lo te mosh prfc'nisﬁ.ng

is the rlip Tlop Sawtooth Phase Comparatnr becau.o its ideal linew- rzrion

i twice that of the “arly-Tate~Gate and Modilo-Two Addur, ~furthcr, this

unit exhibits minirun delay, its linearity is determined by clamp accuracy

and it is much simpler than the othoers considered, However, at %ero ;shasgr '
error,. t:h,a ﬁarly-Late-Gate an? the Mod-Twn Adder circuits ;jive output

waveforms with smail 12.5 M.‘,/s content, wheveas the -'lipw-ilop Comparator
yieud 4 12,5 Me/s  squarvewave., At a + TI/2 phase shi't, the former cur-
cuits producea 12.5 Md/sec saare wave while the Flip-"lop cirenih rives )
23l rétin 12,5 Mcfs wave, Tho 12.5 /W:./; content of the “1lip-"lop "

v

comparator ép;)roaches zero as the ohaie aporoachey + I,
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RY
. ¥

"and waveforms,

‘has minimnm/amplitudes at phass erxors

-
Jto ¥

would give 2 zero 12.5 Mc/s

This weaknsss of the Flip-lu~ comparator may pe circumvenied
by usiﬁg twa Slip~Flons, driven by the inverse outnuts from the Mivider
chain and the reference squarer. This rives two identical outnut wavz-
forms displaced L0 nanosecouds in time which may te summzd and filtered
by the loop. At all phase errors the 12,5 /1fg/k content is now znro,
except Jor a small amount due to an unbalarce in cireuit delays, amplitudes

25" Mefs,

of 0 and *+ TT", with maxirum ad

The fundamental freguency in the sum i This
+ /2.

An alternative approach. wo:ld be to cut the frequency divider
deteetor at 25

2 and to run the phasé /”Q/J freg-ency. This

outout, but waild reqn re the linmsarity

- of tue phase detector to bte adequate over + 2 radians.

Either method eralles the 12.5 AkA leak to be reduced and also

pediuces the transport and rampinz delays associated with the dlgital rhose

divider and d-tector,
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